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Boson	  Produc1on	  
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Boson	  Produc1on	  

•  Single	  Boson	  Produc0on	  
– Test	  perturba1ve	  QCD.	  
– Constrain	  parton	  density	  
func1on	  inside	  the	  proton.	  

– Background	  to	  other	  SM	  
processes	  and	  new	  physics	  
signals.	  
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Boson	  Produc1on	  
Di-‐boson	  produc0on	  is	  a	  
O(1-‐100)pb	  process.	  
	  
•  Cross	  sec0on	  measurement	  

–  Sensi1ve	  to	  new	  par1cles	  decaying	  into	  
di-‐bosons:	  

•  Higgs,	  W’,	  Z’,	  Technicolor	  
–  Background	  to	  searches	  of	  new	  physics.	  

•  Triple	  Gauge	  Couplings	  
–  Determina1on	  of	  Triple	  Gauge	  Boson	  

Couplings	  provide	  a	  model	  independent	  
test	  for	  “new”	  physics.	  

–  Sensi1vity	  increases	  with	  energy	  reach.	  
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Boson	  Produc1on	  
Fiducial	  Cross	  sec0ons	  
•  Minimize	  theory	  uncertain0es	  due	  to	  

phase-‐space	  extrapola0ons.	  
–  Define	  a	  “fiducial	  volume”	  mimicking	  the	  

detector	  acceptance.	  
–  Defini1on	  in	  terms	  of	  final	  state	  truth	  

par1cles	  a[er	  showering	  
•  Charged	  lepton	  and	  photon	  kinema1cs.	  
•  Neutrino	  transverse	  energy	  
•  Vector	  boson	  mass	  calculated	  from	  leptons.	  

	  
–  Leptons	  are	  “redressed”	  with	  brem	  photons	  

in	  ΔR=0.1.	  
–  Allows	  theorists	  to	  test	  their	  favorite	  model.	  

•  Analysis	  results	  published	  as	  HepData	  and	  Rivet	  
code.	  	  
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ATLAS and the LHC in 2011 



The ATLAS Detector 
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LHC	  &	  ATLAS	  2011	  
•  Integrated	  luminosity	  

reached	  5.6	  c-‐1!	  
–  ΔL/L	  =	  3.7% 	  	  

•  Single	  boson	  analysis	  
limited	  by	  systema1cs.	  

•  Di-‐bosons	  analysis	  no	  
longer	  a	  finger	  coun1ng	  
exercise…	  

•  Challenges	  in	  2011:	  
–  Higher	  pile-‐up.	  
–  Decreasing	  of	  sta1s1cal	  

error	  needs	  beher	  
understanding	  of	  
systema1cs	  uncertain1es.	  

–  Background	  studies	  
cannot	  rely	  only	  on	  MC	  
anymore.	  
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LHC	  &	  ATLAS	  2011	  

•  Reconstruc1on	  
challenges	  
ahead	  for	  2011	  
analysis.	  
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Z-‐>µµ	  event	  with	  20	  ver1ces	  

1c	  analysis	  
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Trigger	


•  Trigger	  condi1ons	  for	  
leptonic	  final	  states	  
–  Stable	  trigger	  for	  2011	  
–  require	  offline	  	  
pT(µ,e)	  >	  20,	  25	  GeV	  

–  On	  plateau	  of	  trigger	  
efficiency.	  
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W,Z	  Reconstruc1on	


•  Lepton	  selec1on	  
–  pT	  >15,	  20	  GeV	  
–  muons:	  track	  based	  isola1on	  
–  electrons:	  calo	  based	  isola1on	  
–  |η|	  <	  2.5	  

•  Z	  selec1on	  
–  2	  oppositely	  charged,	  same	  
flavor	  	  leptons.	  

–  invariant	  mass	  within	  10-‐25	  
GeV	  of	  Z	  mass.	  
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W,Z	  Reconstruc1on	


•  MET	  selec1on	  
–  Based	  on	  leptons,	  jets,	  
and	  calo	  clusters	  

–  |η|	  <	  4.5	  	  
•  W	  selec1on	  

–  1	  isolated	  lepton	  
– MET>	  25-‐45	  GeV	  
– WMT	  >	  20,	  40	  GeV	  
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W± 
Outlook

• A publication presenting 2010 analysis results is going to be released soon

• Preview of W , Z inclusive analysis with 2011 data
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• Very nice data/MC agreement already achieved!

• 3.1 − 4.3M W boson and 260 − 330K Z boson samples in e − µ channels

• LHC W -Z boson factory ⇒ high precision di↵erential measurements enabled!

M. Bellomo (CERN) W , Z inclusive cross sections Grenoble, July, 21-27 (2011) 17 / 17
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W/Z	  Results	  
•  Analysis	  inclusive	  W/Z	  

produc0on	  with	  33pb-‐1	  
of	  2010	  data.	  

•  Background	  to	  W	  
–  QCD	  dominant	  

background,	  es1mated	  
from	  data	  (3-‐4%).	  

–  W	  -‐>	  τ	  es1mated	  with	  
MC	  (3-‐4%).	  

–  Z-‐>µµ	  ~3%	  
	  

•  Background	  to	  Z	  
–  QCD	  es1mated	  from	  data	  

(0.4%-‐1.6%).	  
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FIG. 3. Dielectron invariant mass mee (left) and rapidity yZ distribution (right) for the central Z → ee analysis. The simulation
is normalised to the data. The QCD background shapes are taken from a background control sample and normalised to the result
of the QCD background fit.
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FIG. 4. Dielectron invariant mass mee (left) and rapidity yZ distribution (right) for the forward Z → ee analysis. The
simulation is normalised to the data. The QCD background shapes are taken from a background control sample and normalised
to the result of the QCD background fit.

2.7%. This is dominated by the uncertainty on the elec-
tron reconstruction and identification efficiency.

The theoretical uncertainties on CW/Z are evaluated
by comparisons of Mc@Nlo and PowHeg Monte Carlo
simulations and by testing the effect of different PDF
sets, as described in Sec. III for the acceptances. The
total theoretical uncertainty is found to be 0.6% for CW

and 0.3% for CZ .

The theoretical uncertainty on the extrapolation from
the fiducial region to the total phase space for W and
Z production is between 1.5% and 2.0%, as mentioned
above.

The cross sections measured as a function of the W

electron pseudorapidity, for separated charges, and of the
Z rapidity are presented in Tabs. XVI, XVII, XVIII and
XIX. The statistical, bin-correlated and uncorrelated
systematic and total uncertainties are provided. The
overall luminosity uncertainty is not included. The sta-
tistical uncertainty in each bin is about 1-2% for the W
differential measurements, while the total uncertainty is
at the 2.5-3% level. For the Z rapidity measurement the
statistical uncertainty is about 2% for |yZ | < 1.6 and
grows to 3-5% in the more forward bins. The total un-
certainty on the Z cross sections is 3-4% in the central
region and up to 10% in the most forward bins. It is
mainly driven by the uncertainties on the electron recon-
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FIG. 8. Transverse mass distribution of candidate W+ (top)
and W− (bottom) events. The simulation is normalised to the
data. The QCD background shape is taken from simulation
and normalised to the number of QCD events measured from
data.

uncertainty on the momentum scale correction.
The Z → µµ cross section is measured, apart from the

luminosity contribution, with an experimental precision
of 0.9%. This is dominated by the uncertainty in the
muon reconstruction efficiency (0.6%), with about equal
systematic and statistical components due to the limited
sample of Z → µµ events. The uncertainty of the mo-
mentum scale correction has an effect of 0.2% while the
uncertainty from momentum resolution is again found to
be negligible. The impact of the QCD background un-
certainty is at the level of 3 per mille.
The theoretical uncertainties on CW/Z are evaluated

as in the electron channels and found to be 0.7-0.8% for
CW and 0.3% for CZ .
The uncertainty on the theoretical extrapolation from

the fiducial region to the total phase space for W and Z
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FIG. 9. Invariant mass (top) and rapidity (bottom) distribu-
tions of candidate Z bosons. The simulation is normalised to
the data. The QCD background normalisation and shapes are
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production is between 1.5% and 2.1%.

The cross sections measured as a function of the W
muon pseudorapidity, for separated charges, and of the
Z rapidity are shown in Tabs. XX, XXI and XXII. The
statistical, bin correlated and uncorrelated systematic
and total uncertainties are provided. The uncertainties
on the extrapolation to the common fiducial volume, on
electroweak and multijet backgrounds, on the momen-
tum scale and resolution are treated as fully correlated
between bins for both W and Z measurements. Other
uncertainties are considered as uncorrelated.

The statistical uncertainties on the W differential cross
sections are in the range 1-2%, and the total uncertainties
are in the range of 2-3%.

The differential Z cross section is measured with a sta-
tistical uncertainty of about 2% up to |yZ | < 1.6, 2.6%

Z-‐>ee	  
Z-‐>µµ	


W-‐>µν	
W-‐>eν	


9
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FIG. 2. Top: Distribution of the electron transverse energy ET in the selected W → eν candidate events after all cuts for
positive (left) and negative (right) charge. Bottom: Transverse mass distributions for W+ (left) and W− (right) candidates.
The simulation is normalised to the data. The QCD background shapes are taken from background control samples (top) or
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described in the text.

N B CW/Z AW/Z

W+ 77885 5130 ± 350 0.693 ± 0.012 0.478 ± 0.008

W− 52856 4500 ± 240 0.706 ± 0.014 0.452 ± 0.009

W± 130741 9610 ± 590 0.698 ± 0.012 0.467 ± 0.007

Z 9725 206 ± 64 0.618 ± 0.016 0.447 ± 0.009

TABLE IV. Number of observed candidates N and expected
background events B, efficiency and acceptance correction fac-
tors for the W and Z electron channels. Efficiency scale fac-
tors used to correct the simulation for differences between data
and MC are included in the reported CW/Z factors. The given
uncertainties are the quadratic sum of statistical and system-
atic components. The statistical uncertainties on the CW/Z

and AW/Z factors are negligible.

AW/Z correction factors used, where the uncertainties on
AW/Z are obtained from Tab. II. The cross sections for
all channels are reported in Tab. V with fiducial and total
values and the uncertainties due to data statistics, lumi-
nosity, further experimental systematic uncertainties and
the acceptance extrapolation in case of the total cross
sections.
Table VI presents the sources of systematic uncertain-

ties in all channels. Apart from the luminosity contri-
bution of 3.4%, the W cross sections are measured with
an experimental uncertainty of 1.8% to 2.1%, where the
main contributions are due to electron reconstruction and
identification as well as missing transverse energy perfor-
mance related to the hadronic recoil [47].
The Z cross section is measured, apart from the lu-

minosity contribution, with an experimental precision of

Nsig	   Nbkg	  

W±	   139k	   12k	  

Z	   12k	   86	  



W/Z	  produc1on	  
•  Compare	  total	  cross-‐sec1ons	  to	  NNLO	  QCD	  calcula1ons.	  
•  Theore1cal	  error	  on	  total	  cross	  sec1on	  	  ~1.5	  –	  2%	  	  

(PDF	  sets,	  MC	  generators).	  
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ment. This is evidence that universality of the PDFs and
perturbative QCD at high orders continue to work up to
the kinematic range probed in W and Z production at
the LHC.

The combination and theory comparisons are also per-
formed with the total integrated cross sections, listed
in Tab. XII. The correlation coefficients are given in
Tab. XIII. The pure experimental precision of the to-
tal cross sections is as high as that of the fiducial cross

sections. However, the additional extrapolation uncer-
tainty, described in Sec. III, amounts to about 2%, which
is larger than the experimental systematic error. The to-
tal cross section measurements are thus less able to dis-
criminate details of the PDFs, as may be deduced from
comparing Fig. 16 with Fig. 15.

Compared to the first total W, Z cross section mea-
surements by ATLAS [20], the statistical uncertainty is
improved by a factor of ten, to 0.2 (0.6)% for W (Z), the
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uncertainty (open black). The uncertainties of the theoretical predictions correspond to the PDF uncertainties only.
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ment. This is evidence that universality of the PDFs and
perturbative QCD at high orders continue to work up to
the kinematic range probed in W and Z production at
the LHC.

The combination and theory comparisons are also per-
formed with the total integrated cross sections, listed
in Tab. XII. The correlation coefficients are given in
Tab. XIII. The pure experimental precision of the to-
tal cross sections is as high as that of the fiducial cross

sections. However, the additional extrapolation uncer-
tainty, described in Sec. III, amounts to about 2%, which
is larger than the experimental systematic error. The to-
tal cross section measurements are thus less able to dis-
criminate details of the PDFs, as may be deduced from
comparing Fig. 16 with Fig. 15.

Compared to the first total W, Z cross section mea-
surements by ATLAS [20], the statistical uncertainty is
improved by a factor of ten, to 0.2 (0.6)% for W (Z), the
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ment. This is evidence that universality of the PDFs and
perturbative QCD at high orders continue to work up to
the kinematic range probed in W and Z production at
the LHC.

The combination and theory comparisons are also per-
formed with the total integrated cross sections, listed
in Tab. XII. The correlation coefficients are given in
Tab. XIII. The pure experimental precision of the to-
tal cross sections is as high as that of the fiducial cross

sections. However, the additional extrapolation uncer-
tainty, described in Sec. III, amounts to about 2%, which
is larger than the experimental systematic error. The to-
tal cross section measurements are thus less able to dis-
criminate details of the PDFs, as may be deduced from
comparing Fig. 16 with Fig. 15.

Compared to the first total W, Z cross section mea-
surements by ATLAS [20], the statistical uncertainty is
improved by a factor of ten, to 0.2 (0.6)% for W (Z), the
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ment. This is evidence that universality of the PDFs and
perturbative QCD at high orders continue to work up to
the kinematic range probed in W and Z production at
the LHC.

The combination and theory comparisons are also per-
formed with the total integrated cross sections, listed
in Tab. XII. The correlation coefficients are given in
Tab. XIII. The pure experimental precision of the to-
tal cross sections is as high as that of the fiducial cross

sections. However, the additional extrapolation uncer-
tainty, described in Sec. III, amounts to about 2%, which
is larger than the experimental systematic error. The to-
tal cross section measurements are thus less able to dis-
criminate details of the PDFs, as may be deduced from
comparing Fig. 16 with Fig. 15.

Compared to the first total W, Z cross section mea-
surements by ATLAS [20], the statistical uncertainty is
improved by a factor of ten, to 0.2 (0.6)% for W (Z), the
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σtot
W · BR(W → "ν) [nb]

sta sys lum acc

W+ 6.048 ± 0.016 ± 0.072 ± 0.206 ± 0.096

W− 4.160 ± 0.014 ± 0.057 ± 0.141 ± 0.083

W± 10.207 ± 0.021 ± 0.121 ± 0.347 ± 0.164

σtot
Z/γ∗ · BR(Z/γ∗ → "") [nb]

66 < m"" < 116 GeV

sta sys lum acc

Z/γ∗ 0.937 ± 0.006 ± 0.009 ± 0.032 ± 0.016

TABLE XII. Combined total cross sections times leptonic
branching ratios for W+, W−, W and Z/γ∗ production. The
uncertainties denote the statistical (sta), the experimental sys-
tematic (sys), the luminosity (lum), and the extrapolation
(acc) uncertainties.

Z W+ W−

Z 1.00 0.91 0.91

W+ 0.91 1.00 0.91

W− 0.91 0.91 1.00

Z W+ W−

Z 1.00 0.67 0.71

W+ 0.67 1.00 0.70

W− 0.71 0.70 1.00

TABLE XIII. Correlation matrix for the measurements of the
total Z, W+ and W− cross sections for the full uncertainty
(left) and for all but the luminosity uncertainty (right).

systematic uncertainty by a factor of about five, and the
luminosity uncertainty by a factor of four, to 3.4%.

E. Ratios of Cross Sections

1. Electron-muon universality

Ratios of electron and muon cross sections can be eval-
uated in the common kinematic fiducial region. Since the
production of the W and Z bosons is independent of the
flavour of the decay lepton, the corresponding cross sec-
tion ratios represent new measurements of the ratios of
the e and µ branching fractions, i.e.

RW =
σe
W

σµ
W

=
Br(W → eν)

Br(W → µν)

= 1.006± 0.004 (sta)± 0.006 (unc)± 0.022 (cor)

= 1.006± 0.024.

This can be compared with the current world average of
1.017± 0.019 [56] and a similar measurement performed
by CDF giving 1.018± 0.025 [57]. Similarly one obtains
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FIG. 17. The correlated measurement of the electron-to-muon
cross section ratios in the W and the Z channels. The ver-
tical (horizontal) band represents the uncertainty of the cor-
responding Z (W ) branching fractions based on the current
world average data. The green ellipse illustrates the 68% CL
for the correlated measurement of RW and RZ , while the er-
ror bars correspond to the one-dimensional uncertainties of
either RW or RZ , respectively.

for the Z decays into electrons and muons a ratio

RZ =
σe
Z

σµ
Z

=
Br(Z → ee)

Br(Z → µµ)

= 1.018± 0.014 (sta)± 0.016 (unc)± 0.028 (cor)

= 1.018± 0.031.

This confirms e-µ universality in Z decays as well, but
the result is much less accurate than the world average
value of 0.9991± 0.0024 [56]. If one uses this world av-
erage as a constraint on the analysis presented here, the
correlated systematic uncertainty on RW is reduced, and
an improved value RW = 0.999± 0.020 is obtained. The
correlation of RW and RZ and the comparison with the
world average values is illustrated in Fig. 17.

2. Combined cross section ratios

Ratios of the W± and Z cross sections are calcu-
lated accounting for the correlations between uncertain-
ties. The results obtained in the fiducial region are given
in Tab.XIV.
The precision of these measurements is very high, with

a total uncertainty of 0.9% for the W+/W− ratio and of
1.3% for the W±/Z ratio.
Ratios for the total cross sections are given in Tab.XV.

The uncertainties of the total cross section ratios are en-
larged significantly by the additional acceptance contri-

W/Z	  produc1on	  
•  Test	  of	  lepton	  

universality	  in	  W	  and	  Z	  
decays.	  
–  Dominated	  by	  

(correlated)	  systema1c	  
uncertainty.	  

–  Can	  use	  PDG	  value	  for	  
RZ	  to	  further	  constrain	  
RW	  by	  reducing	  
correlated	  systema1cs:	  
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Theory comparisons - lepton universality

• New measurements of the ratios of the e and µ branching fractions
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= Br(W → e⌫)
Br(W → µ⌫) = 1.006 ± 0.004 (sta) ± 0.006 (unc) ± 0.023 (cor) = 1.006 ± 0.024
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�
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Z

= Br(Z → ee)
Br(Z → µµ) = 1.018 ± 0.014 (sta) ± 0.016 (unc) ± 0.028 (cor) = 1.018 ± 0.031

• Inserting R

Z

PDG value
into the present
measurement for a
combined cross section
analysis

⇒ reduction of correlated R

W

systematic uncertainty

⇒ improved result of
R
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= 0.999 ± 0.021.
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Heavy	  Di-‐Boson	  Produc1on	  at	  LHC	  

•  Use	  leptonic	  decays:	  
–  Small	  Branching	  Ra1os	  
–  Low	  background	  

•  Tau	  decays	  contribute	  to	  	  
e/µ	  channels	  
– Accounted	  for	  in	  cross	  
sec1on	  extrac1on.	  

•  Clean	  but	  small	  signal.	  	  	  
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Heavy	  Di-‐Boson	  Produc1on	  at	  LHC	  
•  Use	  leptonic	  decays:	  

–  Small	  Branching	  Ra1os	  
–  Low	  background	  

•  Tau	  decays	  contribute	  to	  e/µ	  channels	  
–  Accounted	  for	  in	  cross	  sec1on	  extrac1on.	  
–  Treated	  as	  background	  for	  fiducial	  cross	  sec1ons	  

(WW?,WZ)	  

•  Clean	  but	  small	  signal.	  	  	  

WZ	  

ZZ	  
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ZZ-‐>µµµµ	




Common	  Backgrounds	  
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•  W/Z	  +	  jets	  and	  Top	  
produc0on	  
– Dominant	  background	  for	  di-‐
boson	  analysis	  

–  Es1mated	  mainly	  with	  data	  
driven	  methods	  

•  Di-‐boson	  produc0on	  
– Wγ,Zγ,WW,ZZ,WZ	  are	  each	  
others	  background.	  

–  Es1ma1on	  by	  using	  MC	  
predic1on.	  

jet	  

jet	  

l	  

l	  

l	  

l	  

ν	


ν	


b-‐jet	  

b-‐jet	  



Common	  Backgrounds:	  W/Z	  +	  jets	  
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•  W/Z	  +	  jets	  
–  1	  or	  2	  real	  leptons	  
– MET	  
–  addi1onal	  fake	  or	  
real	  lepton	  from	  jet.	  

•  Data	  driven	  es0mate	  
– measure	  ra1o	  of	  isolated	  to	  
non-‐isolated	  leptons	  in	  a	  jet	  
sample.	  

–  apply	  	  ra1o	  to	  W/Z+jets	  
control	  sample	  to	  es1mate	  
rate	  in	  signal	  region.	  

jet	  
jet	  

jet	  

jet	  

l	  

l	  

l	  
MET	  



WW	   13%	  (MC)	   13%	  

WZ	   11%	   -‐	  

ZZ	   <	  3%	   <	  3%	  

Wγ	   -‐	   18%	  

Zγ	
 15%	  (MC)	   -‐	  

Common	  Backgrounds:	  W/Z	  +	  jets	  
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•  W/Z	  +	  jets	  contribu0on	  to	  VV	  analysis	  

jet	  

jet	  

l	  

l	   jet	  
jet	  

l	  
MET	  



Common	  Backgrounds:	  Top	  
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l	  

l	  

ν	


ν	


b-‐jet	  

b-‐jet	  

•  WZ	  /	  ZZ	  
–  Es1mated	  from	  data	  driven	  
methods.	  

–  Small	  contribu1on:	  
WZ	  ~	  3%	  
ZZ	  <	  3%	  

•  Wγ	  /	  Zγ	

–  Es1mated	  from	  MC.	  
–  Small	  contribu1on.	  

•  Top	  pairs	  
–  2	  real	  leptons	  
–  MET	  
–  addi1onal	  fake	  or	  
real	  lepton/γ	  from	  
jet.	  



Common	  Backgrounds:	  Top	  
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•  WW	  
–  Signal	  region:	  	  
0	  jets	  

–  Es1mate	  in	  >2	  jets	  
control	  region	  

–  contribu1on	  in	  	  
0	  jet	  bin	  ~14%.	  

WW	  	  
signal	  
region	  

BKG	  
control	  
region	  

l	  

l	  

ν	


ν	


b-‐jet	  

b-‐jet	  



q 

q(‘) 

V 

V	


Z0 / W± Di-Boson Production 
 

Cross section results 
O 



WW-‐>	  lνlν	  

•  Signature	  two	  leptons	  and	  MET.	  
•  Small	  contribu1on	  (3%)	  from	  gg:	  
	  

	  
	  

t-‐channel	  

s-‐channel	  
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•  Important	  background	  to	  H-‐>WW	  
studies!	  
	  
(see	  “Search	  for	  Higgs	  to	  WW”,ID297)	  
	  

	  
	  

ATLAS-‐CONF-‐2011-‐110	  



WW-‐>	  lνlν	  
Selec1on	  
–  Exactly	  2	  leptons	  opposite	  signs,	  pT	  >	  20GeV	  
–  Leading	  electron	  pT	  >	  25	  GeV	  
–  mll	  >	  15GeV,	  meµ	  >	  10GeV	  
–  Z	  veto	  (|mll-‐mZ|	  <	  15GeV	  
–  MET	  (rel)	  	  >	  (45,40,25)	  GeV,	  (µµ,ee,eµ)	  
–  Jet	  veto	  (pT>30GeV,	  |eta|<4.5,an1-‐kt,DR=0.4)	  

t-‐channel	  

s-‐channel	  

•  MET:	  
–  Use	  MET	  rela1ve	  to	  nearest	  lepton:	  

METrel=sin(Δφ)*MET	  for	  φ <	  90°	  
–  Reduces	  DY	  contribu1on	  for	  miss-‐measured	  

jets/leptons	  and	  Z-‐>ττ.	  
•  Backgrounds:	  

–  Use	  DD	  backgrounds	  for	  W+jets	  and	  hbar.	  
–  Use	  MC	  for	  DY	  and	  Di-‐Boson.	  
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WW-‐>	  lνlν	  

N(cand)	  =	  414	  ,	  N(bckgnd)	  =	  170±28	  

Kinema0c	  Distribu0on	  a^er	  all	  selec0on	  cuts	  
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L=1.0	  c-‐1	  



WW-‐>	  lνlν	  

t-‐channel	  

s-‐channel	  
•  NLO	  SM	  expecta1on:	  

σtotal=46±3	  pb	  
•  Limited	  by	  systema1c	  

–  Dominated	  by	  Data	  Driven	  background	  
es1ma1on.	  

Total	  produc0on	  cross	  sec0on	  result	  
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Fiducial	  produc0on	  cross	  sec0on	  result	  
	  

σtotal=48.2±	  4.0(stat)±	  6.4(sys)	  ±	  1.8(lumi)	  pb	  

Phase	  space	  mimics	  selec1on	  cuts,	  different	  for	  ee,eµ,µµ.	  

L=1.0	  c-‐1	  



WZ-‐>	  lllν	  
•  Signature:	  

Three	  leptons	  and	  MET.	  
	  

•  Presence	  of	  Z	  allows	  effec1ve	  
suppression	  of	  hbar	  backgrounds.	  
–  Dominant	  background	  source	  Z
+jets.	  
	  

•  Cross	  sec1on	  and	  anomalous	  
triple	  gauge	  couplings	  
determined.	  

	  
	  

t-‐channel	  

s-‐channel	  
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arXiv:1111.5570	  
(PLB	  submihed	  on	  Nov	  24)	  



WZ-‐>	  lllν	  

t-‐channel	  

s-‐channel	  
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Selec1on	  
–  Z	  |mll-‐mZ|	  <	  10	  GeV	  
–  3	  leptons,	  pT	  >	  15	  GeV	  
–  MET	  >	  25GeV	  
–  W	  MT	  >	  20	  GeV	  
–  Trigger	  Match	  with	  pT(e,µ)	  >	  (25,20)	  GeV	  

L=1.0	  c-‐1	  



WZ-‐>	  lllν	  

t-‐channel	  

s-‐channel	  
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Selec1on	  
–  Z	  |mll-‐mZ|	  <	  10	  GeV	  
–  3	  leptons,	  pT	  >	  15	  GeV	  
–  MET	  >	  25GeV	  
–  W	  MT	  >	  20	  GeV	  
–  Trigger	  Match	  with	  pT(e,µ)	  >	  (25,20)	  GeV	  

N(Data)	  =	  71	  ,	  N(bkg	  MC)	  =	  10.5	  	  L=1.0	  c-‐1	  



WZ-‐>	  lllν	  

t-‐channel	  

s-‐channel	  

SM	  NLO	  expecta1on	  17.2±1pb	  

Total	  cross	  sec1on:	  

Fiducial	  Cross	  sec1on:	  
•  pT(l)	  >	  15	  GeV,	  |η|	  <	  2.5,	  pT(ν)>	  25	  GeV	  
•  M(ll)-‐MZ	  <	  10	  GeV	  
•  MT(W)	  >	  20	  GeV	  
	  

Good	  agreement	  with	  the	  Standard	  Model.	  
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L=1.0	  c-‐1	  



Wγ-‐>	  lνγ, Zγ-‐>	  llγ	  
•  Signature:	  

One	  lepton,	  photon	  and	  MET	  
Two	  same	  flavor	  leptons,	  photon	  
	  

•  Use	  also	  converted	  γ.	

•  ET(γ)	  >	  15	  GeV.	  
•  Photon	  isola1on	  ET(ΔR=0.4)	  <	  5	  GeV.	  
•  M(ll)	  >	  40	  GeV	  (for	  Zγ)	  
•  FSR	  contribu1on	  suppressed	  by	  ΔR(γ,l)>0.7	  cut	  
•  Dominant	  background	  source	  	  

W+jets.	  
	  

	  
	  

t-‐channel	  

s-‐channel	  
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arXiv:1106.1592	  

FSR	  



Wγ-‐>	  lνγ, Zγ-‐>	  llγ	  
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arXiv:1106.1592	  

γ	  isola1on	  before	  
applying	  the	  isola1on	  cut	  
for	  Wγ	  events.	  
	  
	  

Transverse	  mass	  	  
of	  the	  Wγ	  system	  
a[er	  all	  selec1on	  
cuts	  

Invariant	  mass	  	  
of	  the	  Zγ	  system	  
a[er	  all	  selec1on	  
cuts	  



Wγ-‐>	  lνγ, Zγ-‐>	  llγ	  
•  Results	  
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arXiv:1106.1592	  

Process	   N	  observed	   N	  Bkg	  expected	  

Wγ-‐>lνγ	   192	   56±13	  

Zγ-‐>llγ	
 48	   7±7	  

17

Cross SectionCross Section

•All measurements are consistent
within their uncertainties with the SM
expectation

σ(Wγ)/σ(Zγ)

σ(Wγ) σ(Zγ)

17

Cross SectionCross Section

•All measurements are consistent
within their uncertainties with the SM
expectation

σ(Wγ)/σ(Zγ)

σ(Wγ) σ(Zγ)



ZZ-‐>	  llll	  

t-‐channel	  

s-‐channel	  

•  Signature:	  
Four	  leptons.	  
	  

•  Presence	  of	  two	  Z	  make	  this	  channel	  
effec1vely	  background	  free.	  
–  Enhanced	  acceptance	  by	  loosened	  

object	  defini1ons.	  
	  

•  Cross	  sec1on	  and	  anomalous	  triple	  
gauge	  couplings	  determined.	  
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Not	  in	  SM	  

arXiv:1111.4116	  
(PRL	  accepted	  on	  Nov	  23)	  



ZZ-‐>	  llll	  

t-‐channel	  

s-‐channel	  

•  Background	  for	  H-‐>ZZ	  	  
(see	  “Search	  for	  Higgs	  to	  ZZ”,	  ID298)	  

•  Anomalous	  coupling	  vertex	  in	  s-‐channel	  	  
(forbidden	  in	  SM).	  	  

•  Selec1on:	  	  
–  4	  leptons,	  	  pT>15GeV,	  |η|<2.5,	  	  

leading	  µ(e)	  pT>20	  (25)	  GeV	  
–  2	  Z	  candidates	  with	  |Mll-‐Mz|	  <	  25GeV.	  

•  Background	  es1mate	  from	  Data	  driven	  methods.	  
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L=1.0	  c-‐1	  
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ZZ-‐>	  llll	  

t-‐channel	  

s-‐channel	  

•  Found	  12	  candidate	  events.	  
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L=1.0	  c-‐1	  
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ZZ-‐>	  llll	  

t-‐channel	  

s-‐channel	  

•  Kinema1c	  distribu1ons	  pT(ZZ),	  M(ZZ)	  
•  Agreement	  with	  SM	  expecta1ons.	  
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L=1.0	  c-‐1	  
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ZZ-‐>	  llll	  

t-‐channel	  

s-‐channel	  

SM	  NLO	  expecta1on	  6.5±0.3pb	  

Total	  cross	  sec1on:	  

Fiducial	  Cross	  sec1on:	  
•  pT(l)	  >	  15	  GeV,	  |η|	  <	  2.5	  
•  |M(ll)-‐MZ|	  <	  25	  GeV	  
	  

Good	  agreement	  with	  the	  Standard	  Model.	  
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L=1.0	  c-‐1	  
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Z0 / W± Triple Gauge Couplings 
O 



anomalous	  
Triple	  Gauge	  Boson	  Couplings	  

•  Extend	  SM	  to	  describe	  BSM	  physics	  with	  an	  
effec1ve	  Lagrangian	  approach.	  
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V1 

V2 

V3 
Charged	  aTGC	  

WWZ	  
WWγ	


Neutral	  aTGC	  
ZZZ	  
ZZγ	

	




Anomalous	  
Triple	  Gauge	  Boson	  Couplings	  

•  Effec1ve	  Lagrangian	  parameters	  (simplified).	  	  
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Charged	  aTGC:	  	  Δg1=g1-‐1,	  Δκ=κ-‐1,	  λ	


anomalous+Triple+Gauge+Couplings+

The+effec;ve+Lagrangian+for+model+independent+triple+gauge+couplings+can+be+

expressed+as:++

26+
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Neutral	  aTGC:	  	  f4,	  f5	


NB:	  
V	  =	  Z,	  γ. In	  the	  SM	  case	  	  
anomalous	  coupling	  	  =	  0.	  



Anomalous	  
Triple	  Gauge	  Boson	  Couplings	  

•  Di-‐boson	  cross	  sec1on	  with	  aTGC	  has	  a	  strong	  
energy	  dependence	  and	  will	  grow	  severely	  with	  
the	  parton	  centre	  of	  mass	  energy.	  

•  Need	  to	  introduce	  form	  factor	  to	  guard	  
unitarity.	  

•  Typical	  ansatz	  is	  a	  dipole	  form	  factor	  with	  some	  
power	  n	  :	  
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Charged	  aTGC:	  	  	  
Δg1,	  Δκ : ŝ1/2	  
	  λ 	
 	
  : ŝ	


Neutral	  aTGC:	  	  	  
f4,	  f5	  	  	  	  	  	  	  :	  ŝ3/2	


Collider. In Section V we also present our conclusions.

II. ZZZ AND ZZγ ANOMALOUS COUPLINGS

In the SM, at the parton level, the reaction p p
(−) → ZZ proceeds by the Feynman diagrams

of Fig. 1. Including the anomalous couplings under discussion requires the addition of the
graphs of Fig. 2. In the massless fermion limit, a reasonable approximation for hadron
collider processes, the most general form of the Zα(q1) Zβ(q2) V µ(P ) (V = Z, γ) vertex
function (see Fig. 3 for notation) for on-shell Z’s which respects Lorentz invariance and
electromagnetic gauge invariance may be written as [12]

gZZV Γαβµ
ZZV = e

P 2 − M2
V

M2
Z

[

ifV
4

(

P αgµβ + P βgµα
)

+ ifV
5 εµαβρ (q1 − q2)ρ

]

, (1)

where MZ is the Z-boson mass and e is the proton charge. The overall factor (P 2 −M2
V ) in

Eq. (1) is a consequence of Bose symmetry for ZZZ couplings, while it is due to electromag-
netic gauge invariance for the ZZγ couplings. The couplings fV

i (i = 4, 5) are dimensionless
complex functions of q2

1, q2
2 and P 2. All couplings are C odd; CP invariance forbids fV

4

and parity conservation requires that fV
5 vanishes. Because fZ

4 and fγ
4 are CP -odd, contri-

butions to the helicity amplitudes proportional to these couplings will not interfere with the
SM terms. In the static limit, fγ

5 corresponds to the anapole moment of the Z boson [13].
In the SM, at tree level, fV

4 = fV
5 = 0. At the one-loop level, only the CP conserving

couplings fV
5 receive contributions. Numerically, these contributions are of O(10−4) [14].

Loop contributions from supersymmetric particles and additional heavy fermions produce
ZZV couplings of a similar magnitude [14]. If the Z bosons are allowed to be off-shell, five
additional ZZZ couplings, and five additional ZZγ couplings contribute [15]. For these
couplings, the factor (P 2 − M2

V ) in the vertex function is replaced by (q2
1 − q2

2). The effect
of these couplings thus is strongly suppressed and we shall ignore them in our discussion.

It should be noted that the two ZZγ couplings contributing to ZZ production are
completely independent of the four ZγZ couplings which appear in Zγ production (assuming
that the Z-boson is on-shell). If all three vector bosons in the vertex function are off-shell,
there are seven couplings altogether. Four of them survive in Zγ production, and two in
f f̄ → ZZ.

The parton level di-boson production cross sections with non-SM couplings manifestly
grow with the parton center of mass energy

√
ŝ. S-matrix unitarity restricts the ZZV

couplings uniquely to their SM values at asymptotically high energies [16]. This requires
that the couplings fV

i possess a momentum dependence which ensures that the fV
i (q2

1, q
2
2, P

2)
vanish for any momenta much larger than MZ . For ZZ production, q2

1 , q
2
2 ∼ M2

Z even
considering finite Z width effects, but P 2 = ŝ may be quite large at the hadron colliders
under consideration. In order to avoid unphysical results that would violate unitarity, the
ŝ dependence thus has to be taken into account. To parameterize the ŝ dependence of the
form factor, we will use a generalized dipole form factor [17],

fV
i (ŝ) =

fV
i0

(1 + ŝ/Λ2
FF )n

(i = 4, 5) , (2)

3

ŝ	  

σ
	




Some	  theorists	  opinions	  about	  	  
Form	  Factors:	  

•  Provide	  unfolded	  σ	  as	  
func1on	  of	  (ŝ)	  and	  	  
let	  the	  theorist	  do	  the	  
interpreta1on.	  

•  Not	  using	  FF	  is	  nonsense	  /	  
is	  ok.	  

•  Not	  using	  FF	  and	  deriving	  
aTGC	  might	  obscure	  
signals	  at	  “low”	  s.	  	  

•  “Don’t	  measure	  aTGC”.	  

•  Provide	  limits	  as	  func1on	  
of	  FF	  scale?	  
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…	  ongoing	  discussion	  at	  CERN	  LHC	  EW	  WG	  mee1ng	  yesterday.	  

Form factorForm factor
● Follow-up on last meeting:

– It was discussed that limits could be given as function of Λ (step-function), 
thus providing results for several Λ scales.

– Generator study: ZZ, f4G. SHERPA events reweighted with Baur-
Rainwater. 

Kristian Gregersen, LHC EWWG meeting November 30, 2011            10/11
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Final State eee+ Emiss

T

eeµ+ Emiss

T

eµµ+ Emiss

T

µµµ+ Emiss

T

Combined

Observed 11 9 22 29 71

ZZ 0.4±0.0 1.0±0.1 0.8±0.1 1.7±0.1 3.9±0.1±0.2
W/Z+jets 2.0±0.5 0.7±0.3 1.7±0.5 0.4±0.3 4.8±0.8+4.0

�1.9

Top 0.2±0.1 0.8±0.6 0.9±0.7 0.4±0.5 2.3±1.0±0.5
W/Z + � 0.5±0.3 – 0.6±0.4 – 1.1±0.5±0.1

Total Background 3.1±0.6 2.5±0.7 3.9±0.9 2.6±0.6 12.1±1.4+4.1
�2.0

Expected Signal 7.7±0.2 11.6±0.2 12.4±0.2 18.6±0.3 50.3±0.4±4.3

Table 2: Summary of observed events and expected signal and background contributions for the four trilepton channels and their combination.
Statistical uncertainties are shown for the individual channels, and both statistical and systematic uncertainties are shown for the combined
channel. Expected signal (W±

Z) and background events from ZZ and W/Z+ � are predicted from MC simulation. Data-driven background
estimation methods are used for W/Z+jets for all decay channels. For backgrounds with top-quark decays, data-driven estimates are used
for the µµµ, eµµ and eeµ channels whereas MC simulation is used for the eee channel. W/Z + � does not contribute to the eeµ and µµµ

channels.

certainty, correlations between signal and background pre-325

dictions are taken into account. All uncertainties are al-326

lowed to vary simultaneously in the fit.327

The measurements of the combined fiducial cross sec-
tion for the W±Z bosons decaying directly into electrons
and muons, and the total inclusive cross section, are

�fid

WZ!`⌫`` = 102+15

�14

(stat.)+7

�6

(syst.)+4

�4

(lumi.) fb (3)

�tot

WZ = 20.5+3.1
�2.8(stat.)

+1.4
�1.3(syst.)

+0.9
�0.8(lumi.) pb. (4)

The latter can be compared with the SM expectation,328

17.3+1.3
�0.8 pb, calculated with MCFM [18].329

In order to set limits on the anomalous coupling pa-330

rameters, a frequentist approach [31] is used with the pro-331

file likelihood ratio used as the test statistic. The limits332

are set separately on each parameter with the other cou-333

plings fixed to their SM values. A reweighting procedure334

is used to predict the numbers of expected events as func-335

tions of the parameter being studied. The uncertainties336

on the signal acceptance and e�ciency and on the back-337

ground estimates are included as nuisance parameters with338

Gaussian constraints in the likelihood function. The 95%339

confidence interval (C.I.) is defined as the range(s) of the340

coupling parameter(s) for which at least 5% of randomly341

generated pseudo-experiments result in a smaller value of342

the profile likelihood ratio than is observed with the data.343

The observed and expected 95% C.I. for the anoma-344

lous couplings are summarized in Table 3. The observed345

limits are compared with DØ results from W±Z produc-346

tion in Figure 3. Other results on anomalous couplings347

from W+W� production can be found in Refs. [32–38].348

Significant improvements in these limits are expected with349

more integrated luminosity and refined extraction methods350

which take advantage of the di↵erential spectra of kine-351

matic quantities. The anomalous couplings influence the352

kinematic properties of W±Z events and thus the fiducial353

e�ciency. The CWZ variation within the measured aTGC354

limits results maximally in a 3% decrease of the fiducial355

cross section.356

Coupling Observed Observed Expected

(⇤ = 2 TeV) (⇤ = 1) (⇤ = 1)

�gZ
1

[�0.20, 0.30] [�0.16, 0.24] [�0.12, 0.20]

�Z [�0.9, 1.1] [�0.8, 1.0] [�0.6, 0.8]

�Z [�0.17, 0.17] [�0.14, 0.14] [�0.11, 0.11]

Table 3: Observed and expected 95% C.I. for the anomalous cou-
plings �g

Z
1

, �Z , and �Z . Expected experimental limits assume
SM values.

-1 -0.5 0 0.5 1

1
ZgΔ

ZκΔ

Zλ

-1Ldt = 1.0 fb∫ATLAS, 

∞ = Λ = 7TeV,  s

-1Ldt = 1.0 fb∫ATLAS, 

 = 2TeVΛ = 7TeV,  s

-1Ldt = 4.1 fb∫D0, 

 = 2TeVΛ = 1.96TeV,  s

ATLAS

llν l→Z ±W

95% C.I.

Figure 3: 95% C.I. for anomalous couplings from ATLAS and
DØ experiments. ATLAS limits are extracted from a fit to the
cross section while the DØ [39] limits are extracted from a fit to
the p

T

(Z) spectrum. Luminosities, centre-of-mass energy and
cut-o↵ ⇤ are shown.
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WZ-‐>	  lllν	  
Extrac1on	  of	  anomalous	  triple	  gauge	  
boson	  couplings	  
•  Use	  total	  cross	  sec1on	  to	  fit	  TGC.	  
•  NLO	  MC	  with	  reweigh1ng	  

technique.	  
•  Use	  cut-‐off	  of	  Λ=3TeV	  
•  Profile	  likelihood	  ra1o,	  including	  

systema1cs	  as	  nuisance	  parameters.	  
•  Confidence	  Intervals	  obtained	  by	  	  

Neyman	  construc1on	  based	  on	  
cross	  sec1on.	  

Good	  agreement	  	  
with	  SM	  and	  	  
D0	  results	  
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�2.0

Expected Signal 7.7±0.2 11.6±0.2 12.4±0.2 18.6±0.3 50.3±0.4±4.3

Table 2: Summary of observed events and expected signal and background contributions for the four trilepton channels and their combination.
Statistical uncertainties are shown for the individual channels, and both statistical and systematic uncertainties are shown for the combined
channel. Expected signal (W±

Z) and background events from ZZ and W/Z+ � are predicted from MC simulation. Data-driven background
estimation methods are used for W/Z+jets for all decay channels. For backgrounds with top-quark decays, data-driven estimates are used
for the µµµ, eµµ and eeµ channels whereas MC simulation is used for the eee channel. W/Z + � does not contribute to the eeµ and µµµ

channels.
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from W+W� production can be found in Refs. [32–38].348
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more integrated luminosity and refined extraction methods350

which take advantage of the di↵erential spectra of kine-351

matic quantities. The anomalous couplings influence the352

kinematic properties of W±Z events and thus the fiducial353
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Figure 3: 95% C.I. for anomalous couplings from ATLAS and
DØ experiments. ATLAS limits are extracted from a fit to the
cross section while the DØ [39] limits are extracted from a fit to
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ZZ
95% C.I.

ZZ-‐>	  llll	  
Extrac1on	  of	  anomalous	  triple	  gauge	  
boson	  couplings	  
•  Use	  total	  cross	  sec1on	  to	  fit	  TGC.	  
•  LO	  reweigh1ng	  technique	  with	  NLO	  

correc1on	  	  
(Baur-‐Rainwater	  +	  Sherpa)	  

•  Use	  cut-‐off	  of	  Λ=2TeV,	  ∞	  
•  Profile	  likelihood	  ra1o,	  including	  

systema1cs	  as	  nuisance	  parameters.	  
•  95%	  Confidence	  Intervals	  obtained	  

by	  ΔL=1.92	  
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L=1.0	  c-‐1	  

Good	  agreement	  	  
with	  SM	  and	  	  
LEP/Tevatron	  	  
results	  



Wrap-‐up	  
•  Observed	  and	  measured	  cross	  sec1ons	  of	  all	  di-‐boson	  

states	  WW,	  Wγ,	  WZ,	  Zγ,	  ZZ	  with	  ATLAS.	  
•  Set	  first	  limits	  on	  anomalous	  triple	  gauge	  boson	  

couplings.	  
•  With	  rapidly	  increasing	  luminosity	  expect	  1ghter	  limits	  

soon	  and	  more	  results	  on	  boson	  physic.	  	  
•  Exi1ng	  1mes	  ahead!	  
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